The multi-blade fan, which has been widely used as a blower for air-conditioning systems of vehicles, is one of the well-established fluid machinery. However, many factors must be considered in its practical design because the flow generated in the fan is quite complicated with three-dimensionality and unsteadiness. The fundamental fan performance is primarily determined by the impeller of the fan, and is also affected by the scroll casing. However, the theoretical estimation of the effect of the casing on the performance has not been well established. In order to estimate the casing effect on fan performance, detailed three-dimensional (3D) flow analysis in the casing is necessary. Stereoscopic PIV (SPIV) is one of the useful techniques for experimental analysis of 3D flow fields. There are some difficulties in practical application of SPIV for flow analysis in fluid machinery with complicated geometry, but the results obtained provide useful information for understanding the 3D flow field. In this report, experimental investigation of the flow in the scroll casing has been carried out using PIV and SPIV under the premise of downsizing automobile air conditioner fans.
Introduction
The multi-blade fan has been widely used in industrial and household air-systems. The subject of this report is an experimental investigation of flow in the fan being used in an air-conditioner for vehicles. Recently, in light of global warming, it has become desirable to provide total design concepts for vehicle energy savings. Improvement in fan performance for the air-conditioning system is one of the targets for energy savings in the car design. The goal is to downsize and reduce the uncomfortable noise while maintaining its efficiency and performance. From another viewpoint, downsizing the fan without performance deterioration is also required because it is difficult to reserve enough space for the air-conditioning system in high performance car designs. In order to realize this goal, the first approach must be to downsize of the fan scroll casing. However, the effect of the casing size variation on fan performance has not been clarified in detail.
The scroll casing is an important component of the centrifugal fan, and its flow influences the fan performance. The effects of the flow in the casing on fan performance have been investigated by considering fluid dynamic losses caused by separation, friction, mixing, wall curvature, and so on (1) , (2) . However, detailed estimation of each effect has not been shown because of complicated three-dimensional (3D) flow generation in the scroll casing. In order to clarify the losses caused by the flow in the casing, 3D analysis of the flow is important factor. Many studies on the estimation of fan performance and analyses of flow through the fan have been carried out numerically and experimentally. In the last decade, due to rapid improvements in computer technology, numerical analysis has become a practical tool for the basic design of turbo-machinery, such as a centrifugal fan (3)~ (5) . In addition, experimental techniques for quantitative flow analysis have been remarkably developed. PIV has especially become a powerful tool of velocity field measurements to analyze complicated flow fields. Furthermore, due to the development of the SPIV (stereoscopic PIV) method, experimental analysis of 3D flow field has become possible, and the results obtained provided a good understanding of 3D structures in actual flow conditions (6) ~ (8) . In order to discuss the downsizing effects of the fan casing, the fan characteristics for two types of casings with different volute angles with the same impeller have been measured and 3D flows through the both casings have been analyzed experimentally using the SPIV method.
Experimental apparatus and method

Dimensions of multi-blade fans
The outside radius of the scroll casing used in this study is determined by the next equation.
where, D, δ, θ, β and α are the outside diameter of the impeller, the clearance at the cut-off, the scroll angle from cut-off, the cut-off position and the volute angle, respectively. The concept of the casing design based on Eq. The fan characteristics with both type casings have been investigated by using the same impeller. Figure 2 shows the fundamental fan performances for different casings. They have been measured based on JIS-B8330. The rotational speed of the impeller was kept at 2000 rpm during this test. In Fig. 2 where, p t , Q, u and b are total pressure, volume flow rate, peripheral velocity of impeller and span length of the impeller blade, respectively. Figure 2 shows that the pressure coefficient for both types of casings is almost same in the range of low flow rate, but its difference increases remarkably as the flow rate increases. From the results, it is considered that the volute angle of the type B casing is not suitable for practical use, but the analysis of the cause of the pressure drop by using the casing with a small volute angle is important for considering downsizing limits.
The decrease in pressure coefficient at the same flow rate must be generally considered that the increase of mean velocity in cross section of casing brings the increase of fluid dynamic loss. However, the reasons for the decreasing pressure coefficient in the downsized casing can not be simply explained by the overall fan characteristics based on the mean flow state. The mechanism of the difference in pressure coefficients generated by using different size casings is not simple. The 3D flow effect is an important factor to discuss the difference of the fan performances shown in Fig. 2 . PIV and SPIV methods have been applied for experimental analysis of the difference of flows generated in the fan with both types of scroll casings.
Experimental conditions
In this experiment, the flow rates have been selected at 
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Laser sensor structures in each casing. The flows in the transverse sections, which are perpendicular to the rotation axis of the impeller, were measured to investigate the outflow pattern from the impeller. The in-plane velocity field at z/b=0.2, 0.4, 0.6, and 0.8 have been measured, where z is the distance measured from the hub side along the rotation axis.
Optical arrangements
When the PIV method was applied for quantitative measurements of the velocity field in the fan, there were some difficulties due to the complicated geometries of casing and flow passages, and also the unsteadiness of the flow issuing from the rotating impeller. In SPIV measurements in particular, there was a difficulty in the 3D arrangement of optics. The image distortion caused by casing curvature and the lack of image hidden by a part of the 3D structure of the fan are practical problems in SPIV measurements. These problems and the difficulty of arrangement of optics often restrict the measurement area.
In this experiment, different optical arrangements for SPIV were used for flow field measurements in the transverse and the meridional sections as shown in Figs. 4(a) and (b) . The measurement sections were illuminated by laser light sheet issuing from double-pulsed Nd:YAG laser of 50 mJ/pulse, and the thickness of the light sheet was 2 mm. Two CCD cameras with 1008×1016 pixels were arranged in stereo viewing with a Scheimflug lens system, and were synchronized to the pulsed laser by using a digital pulse generator. The fundamental technique of both types of optical arrangements for SPIV is almost the same, but the calibration process in the case shown in Fig. 4(b) becomes slightly complicated. In this experiment, generation of image lack in the case of measurements in meridional sections could not be avoided. 
Mapping function
As described before, the image distortion could not be avoided in this measurement because of wall curvature of the casing. Figure 5 shows the images of a calibration plate having grid patterns drawn in both sides. The plate was put inside the casing at the scroll angle θ=200°. The images were captured by two cameras arranged in stereo viewing as shown in Fig. 4(b) , and they were distorted in response to the influence of wall curvature. The distortion generates an error in the reconstruction of 3D velocity components. Therefore, the pinhole camera model and a polynomial model as a mapping function were examined to reduce the error in velocity vector reconstruction. The result of velocity field reconstruction is dependent on the camera model. Table 1 shows the comparison of results on the camera calibration value of direct mapping evaluated by using the image shown in Fig. 5 . The values of standard deviation with error were evaluated for a 1-mm displacement. The results show that the polynomial model is more suitable than the pinhole model in this measurement.
Results and discussion
3D velocity distribution in meridional sections
The 3D velocity fields in the both types of casings have been measured. Figure 6 shows the ensemble-averaged 3D velocity distributions in the meridional sections of each casing for different flow rates and at different scroll angles. These results were obtained by an ensemble average of 100 data.
(1) Type A The velocity vector maps in the figures show the flow patterns in the meridional sections, and the color contours indicate distributions of the magnitude of out-of-plane velocity components. As described previously, SPIV images captured by both cameras in measurements of meridional sections have about a 20% lack of the part in the bell mouth side of the casing due to the restriction of optical arrangement. The velocity fields of the part were reconstructed by polynomial interpolation of each component of velocity.
The fundamental flow patterns in both casings are almost the same at low flow rate. However, the center of secondary spiral flow in meridional section stays at the bell mouth side in the type B casing for the entire scroll angle range, and it causes a reverse flow to generate into the impeller at the bell mouth side. This results in reduction of the main flow domain, as introduced by Sasaki et al (2) . In the case of high flow rate, the strong flow toward the bell mouth side along the outer side wall of the B type casing generates a strong swirl in the part of bell mouth side. The factors of fluid dynamic loss in the scroll casing of the multi-blade fan have been discussed by Yamazaki et al. (1) and Sasaki et al (2) . In this paper, in order to explain the difference of pressure coefficient at flow rate 25 . 0 = ϕ shown in Fig. 2 , the differences of the fluid dynamic losses and the impeller work have been considered. It has been discussed that the fluid dynamic losses in the scroll casing were separated into friction loss, expansion loss in diffuser part and mixing loss between the impeller outflows and the flow in casing. Therefore, the difference in pressure coefficients can be estimated by considering the factors in the following relation of total head reduction.
where . The direct estimation of mixing loss is not simple using the experimental results obtained, but the fourth factor on the right-hand-side of Eq. 3 can be estimated quantitatively by using the results of velocity field measurements by PIV.
The blade passage flows at the impeller outlet must be affected by the flow in the casing. The interaction between those flows is an important factor to consider for the reduction of the theoretical impeller work. In order to confirm the interaction, the flow fields were measured, and the slip factor of the outflow from the impeller was noted. For this reason, it is necessary to remove the unsteadiness in the flow fields caused by the intermittent outflow from the rotating impeller. In order to remove the effect, phase locked measurements were performed. Figure 7 shows the 2D velocity fields in the transverse sections at different positions in the z-direction at scroll angle θ=290°. The velocity vector maps shown in the figures were reconstructed by averaging 100 data obtained by phase locked measurements. The results indicate that the interacting flow patterns for two types of casings have similar characteristics in the case of low flow rate, but they become very different in not only the pattern of interaction but the velocity distribution in the direction of casing width in the case of high flow rate. The flow interactions at z/b=0.8 were not clearly observed in any of the cases because the outlet flow rate passing through the bell mouth side of the impeller was very small as general feature of multi-blade fans.
The slip factor is related to the reduction of the theoretical impeller work and the resulting pressure coefficient drop. The decrease of theoretical work of the impeller is obtained by 2 2 sl h u ku = ×
where 2 u and k are circumference speed of the impeller and slip factor, respectively. The difference of the pressure coefficient at the high flow rate shown in Fig. 2 has been discussed by consideration of the difference of the slip factors in both types of casings. It is not easy to evaluate experimentally the exact value of the slip factor. In this paper, the averaged value of mean slip factor for the impeller outflow at different positions along the z-direction was considered as the slip factor. By using the results shown in Fig. 7 , the mean values at different positions in the z-direction were obtained by averaging 30 point values of slip factors which were evaluated by a simple velocity triangle constructed by inplane velocity components of the outflow measured at each point between two blades. Figure 8 shows the mean values of slip factors between two blades for different transverse sections. The values of slip factors for both types of casings in the case of low flow rate coincide with each other, and they are almost the same order with the value evaluated by Wiesner's equation (9) . On the other hand, there are significant differences of slip factors in the case of high flow rate. The evaluation of slip factors was not precise, because the calculation is based on the simple assumption, and the results of PIV 
４. Conclusion
The 3D flow configurations in different types of scroll casings of multi-blade fan having different volute angles have been investigated experimentally in detail by using the SPIV technique. The results of the experimental analysis explain that the decreasing of cross sectional area caused by the decrease of volute angle brings about a strong spiral flow generation at the bell mouth side of the meridional section of the casing, which affects the outlet flow of impeller and causes a large pressure coefficient drop. The results obtained provide a good understanding of the effect of downsizing of scroll casing on the fan performance, and they give useful information for the practical design of a multi-blade fan installed in a limited space.
